-1) waters at depths 300m above and below that. Despite the very low oxygen, mesopelagic fishes (primarily lanternfishes: Mytophidae) inhabiting the Arabian Sea and California borderland perform a daily vertical migration into the lowoxygen layer, spending daylight hours in the oxygen minimum zone and migrating upward into normoxic waters at night. To find out how fishes were able to survive their daily sojourns into the minimum zone, we tested the activity of four enzymes, one (lactate dehydrogenase, LDH) that served as a proxy for anaerobic glycolysis with a conventional lactate endpoint, a second (citrate synthase, CS) that is indicative of aerobic metabolism, a third (malate dehydrogenase) that functions in the Krebsʼ cycle and as a bridge linking mitochondrion and cytosol, and a fourth (alcohol dehydrogenase, ADH) that catalyzes the final reaction in a pathway where pyruvate is reduced to ethanol. Ethanol is a metabolic product easily excreted by fish, preventing lactate accumulation. The ADH pathway is rarely very active in vertebrate muscle; activity has previously been seen only in goldfish and other cyprinids capable of prolonged anaerobiosis. Activity of the enzyme suite in Arabian Sea and California fishes was compared with that of ecological analogs in the same family and with the same lifestyle but living in systems with much higher oxygen concentrations: the Gulf of Mexico and the Southern Ocean. ADH activities in the Arabian Sea fishes were similar to those of goldfish, far higher than those of confamilials from the less severe minimum in the Gulf of Mexico, suggesting that the Arabian Sea fishes are capable of exploiting the novel ethanol endpoint to become competent anaerobes. In turn, the fishes of California exhibited a higher ADH activity than their Antarctic relatives. It was concluded that ADH activity is more widespread in fishes than previously believed and that it may play a role in allowing vertically migrating fishes to exploit the safe haven afforded by severe oxygen minima.
INTRODUCTION
At all depths of the ocean, oxygen is removed from the water column as organisms respire and organic matter is biochemically degraded. Wave action, mixing and photosynthetic processes replenish the lost oxygen in the upper mixed layer, but a zone of minimum oxygen forms at intermediate depth in all the world's oceans (Richards, 1965; Sewell and Fage, 1948) . The severity of oxygen minimum zones varies considerably (Schmidt, 1925; Sewell and Fage, 1948) , with values of dissolved oxygen ranging from 0mll -1 in the Arabian Sea (Hitchcock et al., 1997) to about 4mll -1 in the Antarctic .
The major factors contributing to the persistence of oxygen minimum zones are global circulation patterns that result in the water at mid-depths being out of contact with the atmosphere for hundreds of years (Schmidt, 1925; Stramma et al., 2008) . In areas where the water column is well stratified and rates of primary production are high, oxygen minima are especially severe.
Dissolved oxygen values reach 0mll -1 and stay near zero for hundreds of meters of water depth. Examples of such regions are the Arabian Sea, Bay of Bengal, the California Borderland and the eastern tropical Pacific. Hypoxic conditions in those areas extend from the bottom of the mixed layer to about 1500m depth (Kamykowski and Zentara, 1990) . Although the oxygen concentration in oxygen minimum zones can be less than 0.2mll -1 , large populations of organisms often reside there (Schmidt, 1925; Childress, 1971; Morrison et al., 1999) . Those organisms include decapods (Pearcy et al., 1977; Krygier and Pearcy, 1981) , mysids (Childress, 1971) and copepods (Longhurst, 1967) . Oxygen minimum layer invertebrates often co-exist with large populations of mid-water fishes (Gjøsaeter, 1984; Kinzer et al., 1993; Nair et al., 1999; Luo et al., 2000) . In the Arabian Sea, the fish biomass in the oxygen minimum zone is dominated by lanternfishes (family Myctophidae), which are sufficiently abundant to form a 'deep-scattering layer', an obvious echo return at intermediate depth well above the sea bottom on the ship's echosounder. During the day, most of the fishes are found in the oxygen minimum zone below 250-350m depth, while at night most migrate up to about 100m into normoxic waters (Gjøsaeter, 1984) .
Organisms that inhabit oxygen minima exhibit a range of adaptations for dealing with hypoxic conditions. Those adaptations include behavior, such as diel vertical migration out of the layer, in addition to unusual morphological and physiological characteristics (Wishner et al., 2000) . Childress and Seibel (Childress and Seibel, 1998) have proposed three modes of adaptation to the oxygen minimum: (1) development of mechanisms for efficient removal of oxygen from water, (2) reduction of metabolic rate, and (3) use of anaerobic metabolism to make up the difference between aerobic metabolism and total metabolic needs. The use of anaerobic metabolism may occur on a sustained basis, during periods of high metabolic demand, or during transient periods spent in the oxygen minimum layer by vertical migrators.
The lowered food energy available in the deep sea (Vinogradov, 1970) favors an aerobic existence where there is sufficient oxygen to be utilized. However, an oxygen minimum such as that in the Arabian Sea, where oxygen drops to zero, constrains species to an anaerobic existence while resident within it. Most vertebrates, including fish, rely almost exclusively on aerobic metabolism, only switching to locally active anaerobic pathways during periods of increased activity or ambient low oxygen levels. Tuna white muscle, for example, is very well adapted for anaerobiosis, which is used during burst swimming (Hochachka, 1980) . Even accomplished breath-hold divers such as seals and marine turtles stay within aerobic dive limits during the vast majority of their excursions (Hochachka and Somero, 2002) .
At least three exceptional anaerobes exist within the vertebrate realm: hibernating pond turtles (Warren and Jackson, 2008 ) and the two Cyprinid fishes, crucian carp (Carassius carassius) and goldfish (Carassius auratus) (Vornanen et al., 2009) . Carassius carassius can survive for months during winter when lakes freeze over and become anoxic (Blazka, 1958; Vornanen et al., 2009 ). Those fishes have found an alternative to lactate accumulation by reducing pyruvate to ethanol, a molecule that is easily excreted by fish (Shoubridge and Hochachka, 1980) . The possibility that the ethanol dehydrogenase pathway might be utilized by mesopelagic fishes inhabiting areas of severe oxygen minima was a major thrust of the present research.
The present study explored the anaerobic capabilities of mesopelagic fishes from the oxygen minimum layer of the Arabian Sea, comparing them with confamilials from the California Current, the Gulf of Mexico and the Antarctic. The four regions were chosen for the varying degrees of severity of their oxygen minima. Based on available information, two major questions arose. (1) How does anaerobic capability scale with the severity of the oxygen minima in fishes of the same families and life habits? (2) If fish are constrained to use anaerobiosis by the severity of the minimum, what metabolic pathway is employed? To answer those questions, enzyme activities were used as proxies for the activity of metabolic pathways. Lactate dehydrogenase (LDH) was used as a proxy for glycolytic activity; citrate synthase (CS) was used for Krebs' cycle activity; malate dehydrogenase (MDH) serves a bridging function between glycolysis and electron transport in addition to its role as the final step in the Krebs' cycle; and alcohol (ethanol) dehydrogenase (ADH) was used as a proxy for the ability to generate ethanol.
MATERIALS AND METHODS

Collection of specimens
Twenty-one species representing one family of mesopelagic fishes, the Myctophidae, were used in the study. The fishes varied in mass from less than 50mg to nearly 40g (Table1) and were collected from between 0 and 1000m depth. Fishes were collected from the Arabian Sea during two GLOBEC (Global Ocean Ecosystem Dynamics)-sponsored cruises aboard the R/V Malcolm Baldridge in spring and summer 1995 using 1 and 10m 2 MOCNESS (multiple opening and closing net and environmental sampling system), and surface Neuston net tows. Fishes from the Antarctic were collected with a 10m 2 MOCNESS during two GLOBEC-sponsored cruises aboard the R/V Laurence M. Gould and two aboard the R/V Nathaniel B. Palmer during austral autumn and winter of 2001 and 2002 . Samples from the California Current were collected on the R/V Point Sur in the San Clemente Basin during the spring of 1994. Fishes from the Gulf of Mexico were collected aboard the R/V Suncoaster during summer 2000 using a 9m
2 Tucker trawl fitted with a thermally protecting cod end (Childress et al., 1978) . All fish were frozen with liquid nitrogen immediately after capture and kept frozen at -80°C until ready for analysis. Arabian Sea specimens were stored at -80°C for 6years prior to processing. The high enzyme activity levels obtained from Arabian Sea specimens as well as previous research on the effects of storage time (Geiger et al., 2001) suggest that storage had a minimal effect on enzyme activities.
Homogenate preparation
Fishes were measured, weighed and dissected while frozen. Length measurements were taken as standard length to the nearest millimeter. Epaxial white muscle was dissected from immediately behind the skull on the dorsal side of the body and homogenized in Milli-Q filtered water (10-to 100-fold dilution) for approximately 10s using an ultrasonic homogenizer. Homogenates were centrifuged at 11,750 g for 30s and the supernatant used for analysis. Homogenates were kept cold throughout analysis.
All homogenates were assayed for the activities of three enzymes of intermediary metabolism: LDH, MDH and CS. Part-way through the study, ADH was added to the suite of enzyme assays to add another dimension to the analysis.
Enzyme assays
LDH, CS and MDH activities were measured in 178 specimens from the Arabian Sea, the Gulf of Mexico, the California Current and the Antarctic. ADH activities were measured in 149 of the fishes. All individuals were vertically migrating lanternfishes (Pisces: Myctophidae) with night-time vertical distributions in the upper 150m (Table1). All enzymes were assayed in a UV-visible spectrophotometer. Assays on samples from Antarctica and California were run at 10°C; samples from the Arabian Sea and the Gulf of Mexico were run at 20°C except for the ADH assay, which was run at 15°C. For consistency, ADH values reported in Table1 for Arabian Sea and Gulf of Mexico fishes were temperature corrected to 20°C using a Q 10 of 2.0. The concentrations of substrate and cofactor used in each assay yielded the maximum reaction velocity of the enzyme, so the activities represent the maximum potential activity of the white muscle. The methods below are slight modifications of those previously published for LDH and CS (Torres and Somero, 1988b) , MDH (Somero and Childress, 1980) and ADH (Shoubridge and Hochachka, 1980 (assay temperatures). Numbers in parentheses are ranges, followed by sample size if it differs from that given in parentheses by the species name. D and N denote vertical distribution for day and night, respectively. Vertical distribution is given under the species name for Arabian Sea fishes (Smith and Heemstra, 1991) and Gulf of Mexico fishes (Gartner et al., 1987) ; minimum depth of occurrence follows the night value (Macdonald 1998 -1 acetaldehyde, 1mmoll -1 glutathione (reduced form) and 0.2mmoll -1 NADH. A 10l sample of tissue homogenate was added to 1ml of the assay medium, and the reaction was monitored for 1min. The reaction rate was calculated from the slope of a line tracing the decrease in absorbance of NADH at 340nm.
Statistical analysis and system comparisons
All statistical analyses were conducted using Statistica versions 7.1 and 8.0. Initially, the entire data set was subjected to principal components analysis (PCA) to discern major sources of variability. Variables examined were region, species, minimum depth of occurrence, temperature, minimum dissolved oxygen and individual mass. The data set was then examined for variability in enzyme activities between regions. Between-region variability was assessed between each pair of systems most similar to one another in temperature using ANCOVA with species mass as a covariate: Arabian Sea and Gulf of Mexico, and Antarctic and California. ANCOVA were run using the entire data set from each system, i.e. each individual value was given equal weight. Values for all species within each system were combined to produce a global mean for each. Numbers of individuals for each species are given in Table1. A second inter-regional ANCOVA was performed using the mean values for each species (i.e. giving each species equal weight) to evaluate the influence of individual species on the overall trends observed between regions.
Cut-off for statistical significance was at the P>0.05 level.
Oxygen and temperature profiles
Oxygen and temperature profiles for each of the study regions were generated using published information (Arabian Sea, California Borderland, Gulf of Mexico) or cruise data (Antarctic). They are presented in Fig.1 for reference on the character of the oxygen minima in the different regions. For each region, fish vertical distributions were determined from published information (Arabian Sea, California Borderland, Gulf of Mexico) or from a combination of published data and cruise data (Antarctic) (Table1). Literature citations can be found in the legends of Fig.1 and Table1.
RESULTS
Oxygen and temperature profiles and fish distributions
Oxygen profiles differed considerably in the four study regions (Fig.1) . Two (Antarctic and Gulf of Mexico) may be considered typical or normoxic for open ocean systems, showing an oxygen concentration of about 50% of surface (air-saturated) values between 200 and 1000m depth. The two other oxygen minima were considerably more severe. In the Arabian Sea, oxygen concentrations of 0mll -1 characterized the entire depth stratum between 200 and 1000m. In the California Borderland, the oxygen profile reached 1.0mll -1 at 400m depth, declined to a value of 0.2mll -1 (about 3% of air saturation) at a depth of 700m, and rose again to 1.0mll -1 at 1000m.
Three of the four systems (Arabian Sea, California Borderland, Gulf of Mexico) exhibited a highly stratified thermal profile with a well-developed permanent thermocline resulting in declining temperatures with increasing depth. In contrast, temperature changed little with depth (about 2°C) in the Antarctic region with lower (-0.5°C) temperatures at the surface than at 200m (1.5°C).
Fish vertical distributions are presented in Table1. All were lanternfishes (Myctophidae) exhibiting a night-time vertical distribution in the upper 150m and a center of daytime distribution between 300 and 1000m, making them strong diel vertical migrators. The daytime distributions of all species overlapped the oxygen minimum layer in their respective system.
PCA
The first two axes of the principal components analysis explained 77% (60.4% for axis 1 and 16.2% for axis 2) of the variability in the environmental data set, with 'region' and dissolved oxygen at the core of the oxygen minimum ('DO-MIN') acting as the two most important variables, each accounting for about 20% of the total variability in the first axis (Table2). 'Species' and environmental temperature at the minimum depth of occurrence ('TMDO') accounted for 18% and 17%, respectively, while species mass ('mass') and minimum depth of occurrence ('MDO') were least important at 16% and 9%, respectively. Based on the results of PCA and established principles of temperature adaptation, it was deemed most sensible to compare enzyme activities in the two pairs of regions most similar in temperature: the Arabian Sea and Gulf of Mexico, and the Antarctic and California Borderland. The pairs kept system temperatures and species masses most similar while contrasting normoxic systems with severely hypoxic ones.
Enzyme activities
Mean enzyme activities for all species are shown in Table1. Enzyme activities are reported at assay temperature for each pair of systems: 20°C for the Arabian Sea and Gulf of Mexico and 10°C for the Antarctic and California Borderland. In three out of the four systems the assay temperature represented an intermediate temperature within the normal range of the vertical migrators that were our experimental subjects (Fig.1, Table1) . The exception was the Antarctic system, where the assay temperature was outside that encountered by the fishes (maximum temperature 2°C) (Klinck et al., 2004) , though well within the temperature capabilities of the enzymes (Torres and Somero, 1988b; Simoniello, 2003) .
Comparisons between regions
Arabian Sea vs Gulf of Mexico Fig.2 shows a composite of four ANCOVA with each panel comparing a different enzyme between the two systems. The ANCOVA technique employed was a one-way ANOVA, taking into account variability in species mass as a covariate. The comparison between the Arabian Sea and the Gulf of Mexico was a near-ideal one to show the effects of environmental oxygen on enzyme activities. Temperature profiles were very similar in each system, and the species composition contained many genera common to both (Table1). The main difference between the systems was the radically different oxygen profile. Oxygen availability showed a profound influence on the activities of the four enzymes assayed in the two warm water systems. LDH, the terminal step in anaerobic glycolysis, showed very much higher activity in the Arabian Sea than the Gulf of Mexico (P<0.05), suggesting a well-developed anaerobic capability in the Arabian Sea fishes. The result was corroborated by the relatively high activity of ADH in Arabian Sea fishes, being approximately 3.5 times that of fishes from the Gulf of Mexico (Fig.2 ), which produced a highly significant (P<0.05) difference between the two regions. CS activity was over twice as high in Gulf of Mexico fishes as it was in Arabian Sea fishes (Fig.2) , suggesting a very pronounced aerobic poise in the migrators dwelling in the Gulf of Mexico. CS catalyzes the first and rate-limiting step in the Krebs' cycle. As such, its activity is a good proxy for activity of the aerobic pathway. MDH was significantly higher (about 1.5 times; P<0.05) in Arabian Sea fishes than in those from the Gulf of Mexico. The activity of MDH in Arabian Sea fishes mirrors the high activity of the glycolytic pathway indicated by the LDH results.
Antarctic vs California Current
Enzyme activities in fishes from the Antarctic and California Current showed effects of both temperature and oxygen, making comparisons between the systems less straightforward. The four ANCOVA shown in Fig.3 represent enzyme activities at the common assay temperature of 10°C. Thus, for Antarctic fishes, the activities are about twice what would be expected at environmental temperature (0°C), assuming a Q 10 of 2.0. LDH activity was significantly higher in Antarctic than California fishes (P<0.05, ANCOVA) at the common assay temperature of 10°C. The high LDH activity observed in Antarctic fishes was due largely to the contribution by Electrona antarctica (Table1), the most active species, which had the highest LDH activity, the highest number of fish analyzed and the greatest degree of temperature adaptation (Torres and Somero, 1988b) . The activities of MDH and CS in Antarctic fishes were not significantly different from those of California species when assayed at the same temperature (Fig.3) , though the mean MDH and CS activities were slightly higher in California species. In the last and most important comparison, ADH activity was significantly higher in California than in Antarctic fishes ( Fig.3; P<0 .05, ANCOVA) despite the influence of assay temperature, suggesting that a higher activity of ADH may confer an advantage in the low-oxygen concentrations (0.2mll
) of the California Borderland.
To evaluate the influence of Electrona, a second inter-regional ANCOVA was run for all enzymes, with each species weighted equally; that is, comparing only the mean values for each species. In that analysis, Antarctic and California species' LDH values were nearly identical (P>0.05, ANCOVA), with the remaining enzyme comparisons showing little change from the trends observed in Fig.3 . A similar ANCOVA comparing mean values for the suite of Arabian Sea and Gulf of Mexico species showed no change in the trends described above.
DISCUSSION
The lanternfish species from the Arabian Sea and their confamilials from the California Current, the Gulf of Mexico and the Antarctic are strong vertical migrators, moving from mid-water depths (200-1000m), where they spend daylight hours, to near-surface waters at night where they feed, most often on zooplankton (Pearcy et al., 1977; Gjøsaeter, 1984; Torres and Somero, 1988a; Lancraft et al., 1989; Hopkins and Gartner, 1992; Luo et al., 2000) . Vertical migration is a foraging strategy used by lanternfishes all over the world (Robinson et al., 2010) , making the four regions of the present study natural experimental systems that differed markedly in their dissolved oxygen and temperature profiles, but very little in the daily habits of their common species. Thus, the experimental subjects for all four regions were ecological analogs. Physiological responses to two important physical variables, oxygen and temperature, were in play.
Within the Arabian Sea and Gulf of Mexico, oxygen was clearly the physical variable with the most influence. Temperature profiles in the two systems were virtually identical (Fig.1) but the oxygen profiles differed radically. In the Arabian Sea system, oxygen disappeared at a depth of 200m and remained at zero to a depth of 1000m, whereas in the Gulf of Mexico, oxygen dropped to about half of surface (air-saturation) values over the same range (Fig.1) . In both systems, fishes resided in the oxygen minimum during daylight hours. However, in the Arabian Sea the myctophids would have been constrained to anaerobiosis but in the Gulf of Mexico oxygen concentrations were well within the myctophid's normoxic range (Donnelly and Torres, 1988) . The species' biochemical strategies for dealing with their respective oxygen profiles are reflected in their enzymatic activities. LDH, the terminal enzyme in the glycolytic pathway during anaerobiosis, is about three times higher in Arabian Sea fishes than in those from the Gulf of Mexico, suggesting a strong anaerobic capability (Fig.2) . In contrast, the much higher activity of CS in the Gulf of Mexico fishes indicates a highly aerobic strategy, made possible by the mild oxygen minimum found in the Gulf of Mexico. ADH activity in Arabian Sea fishes was also about three times that observed in fishes from the Gulf of Mexico, giving the fishes the biochemical machinery to convert lactate, which cannot be excreted at the gills, to ethanol, which can (Shoubridge and Hochachka, 1980; Vornanen et al., 2009 The current model for conversion of lactate to ethanol in goldfish and carp (e.g. Shoubridge and Hochachka, 1980; Vornanen et al., 2009) ) (Lehninger, 1970) . Pyruvate is subsequently converted to acetaldehyde within the mitochondrion by the pyruvate dehydrogenase complex, with the release of CO 2 . Acetaldehyde is then reduced to ethanol by ADH in the presence of NADH (Fig.4) . The biochemical machinery for the formation of ethanol is located exclusively in the swimming muscle, which processes not only the lactate generated within the muscle but also that produced by other tissues such as the brain, liver and heart and delivered to the muscle via the bloodstream (Shoubridge and Hochachka, 1980; Vornanen et al., 2009) (Fig.4) . The activity of ADH found in the muscle of the Arabian Sea fishes suggests a similar strategy.
Skeletal muscle of fishes plays an important role in the postexercise processing of lactate through the gluconeogenic and glycogenic pathways, a situation very different from that in mammals, where the enzymatic machinery for regenerating glucose is primarily found in the liver (Suarez et al., 1986; Moon, 1988; Gleeson, 1996) . The muscle of fish is thus more multi-functional than that of mammals, possessing a wider array of enzymes and greater inherent metabolic flexibility than mammalian muscle, including a greater potential for biosynthesis (Gleeson, 1996) . In fact, fish skeletal muscle has been shown to sequester lactate postexercise (Gleeson, 1996) , facilitating the regeneration of glucose within the muscle and enhancing post-exercise recovery. In the case of the goldfish, crucian carp and now the lanternfishes, the metabolic flexibility of the muscle enzyme suite allows for novel biochemical solutions to the problem of anaerobiosis.
MDH activity was also significantly higher in Arabian Sea fishes than in those from the Gulf of Mexico, but the multiple roles of MDH in the cell make the explanation for this considerably less straightforward. Muscle tissue was homogenized with ground glass homogenizers, which would allow both cytosolic and mitochondrial MDH to be active in the assay cocktail. The activities reported in Table1 were therefore a combination of MDH activity from the two cellular compartments. In aerobic metabolism, MDH is clearly important as the enzyme catalyzing the formation of oxaloacetate in the Krebs' cycle. In addition, during aerobic conditions, cytosolic and mitochondrial MDH work in tandem to shuttle reducing equivalents produced by glycolysis into the mitochondrion for processing in the electron transport system, a necessity due to the impermeability of the mitochondrial membrane to cytosolic NADH. A third role of MDH is in catalyzing an important step in the conventional gluconeogenic pathway. As it happens, in fish muscle, gluconeogenesis is believed to proceed by a nearly direct reversal of glycolysis (Suarez et al., 1986; Moon, 1988; Gleeson, 1996) and MDH is not an important participant.
What is most likely is that MDH helps in maintaining redox balance within the cell during periods of transition from normoxic to anoxic conditions as the fishes migrate downward into the oxygen minimum during daylight hours and again as the fishes migrate upwards toward the higher oxygen of surface waters at night. The malate shuttle can move NADH either into or out of the mitochondrion depending on the cellular needs for reducing power.
Lanternfish species of the California Borderland and the Antarctic showed similar trends to their confamilials of the Arabian Sea and Gulf of Mexico, with the caveat that temperature as well as oxygen influenced the results. Electrona antarctica, the strongest and most active vertical migrator among the Antarctic species also showed the highest LDH activity, giving the Antarctic species as a whole a significantly higher value than those from California at the same assay temperature. The influence of temperature adaptation in a robust active fish (Torres and Somero, 1988b; Yang and Somero, 1993; Vetter and Lynn, 1997) is the most likely explanation for its high value. If the LDH activity of Electrona is considered at its environmental temperature of 0°C, or half of the value in Table1 (54Ug -1 wet mass), it is squarely in the mid-range of values for the California species at 10°C, underscoring the upward influence of temperature adaptation on the LDH activity in Electrona. Neither CS nor MDH activity showed significant differences between California and Antarctic species at the assay temperature of 10°C, though mean values for California species were higher in both cases. ADH activity was significantly higher in the California species despite the influence of assay temperature, which, as with LDH, would have tended to skew the Antarctic values upward. With ADH, the most likely influence on overall enzyme activities was the California oxygen minimum, which at its core (700m; Fig.1 ) exhibits a value of 0.2mll -1
. Vertical migrations of California lanternfishes would bring them to daytime oxygen values ranging between 0.5 and 1.0mll -1 (16-32Torr, ~2.1-4.2kPa), well below their abilities to efficiently extract oxygen (cf. Torres et al., 1979; Donnelly and Torres, 1988) .
Lanternfishes from the Arabian Sea and the California Borderland encounter zero to near-zero oxygen concentrations at their daytime depths, after a swim of at least 5000 body lengths during their downward excursion (assuming a minimum swim of 300m and a body length of about 5cm; Table1). Their most energetically efficient recourse would be to keep swimming activity within the oxygen minimum to the lowest possible level so as to minimize the need for anaerobiosis. Most facultative anaerobes (e.g. bivalves) (Hochachka, 1980; Hochachka and Somero, 2002 ) exhibit a marked downturn in activity during anaerobiosis as a result of the high energy cost of even the most efficient anaerobic pathways. Minimal activity minimizes the use of stored energy. When coupled with use of the ADH pathway, end-product accumulation would also be minimized by the excretion of ethanol at the gills, all the while maintaining redox balance within the muscle cells. The excursion upward at dusk into normoxic waters can then be initiated with a relatively clean 'metabolic slate' with the malate shuttle aiding in the transition as described above.
Diel vertical migration is an adaptation displayed by many species of zooplankton and micronekton in addition to the lanternfishes (Hopkins et al., 1994; Hopkins et al., 1996; Robinson et al., 2010) , presumably to minimize visual predation. As visual acuity and risk of attack by visual predators are greatly increased during daylight hours, many animals only enter the food-rich surface waters at night, migrating to the darker depths at dawn. Species residing within oxygen minima, or migrating into them, are coping with a stable physical feature (Stramma et al., 2008 ) that can be addressed through physiological and biochemical adaptation. In the case of the lanternfishes studied in the present work, the oxygen minimum provides a refugium from pelagic predators that would have the same difficulty hunting in the oxygen minima of the Arabian Sea or California Borderland as they do in the dead zones of the coastal ocean.
Mid-water fishes of the open ocean differ considerably from coastal and freshwater fishes in the timing and character of their exposure to low or zero oxygen. The most accomplished piscine anaerobe (and best studied), the crucian carp, undergoes a predictable sojourn at zero oxygen during the winter months in its native habitat of central Asia and Europe (Vornanen and Paajanen, 2004) . Individuals inhabiting small eutrophic ponds over-winter under ice and snow cover that preclude atmospheric exchange, resulting in periods of anoxia that can last 90days or more (Piironen and Holopainen, 1986) . The fact that exposure to anoxia is a seasonal event allows for metabolic and morphological adjustment to take place prior to the drop in environmental oxygen. Metabolic adjustment includes the accumulation of glycogen in liver, muscle, brain and heart to fuel the need for anaerobic activity. Morphological adjustments include an increase in the number of gill lamellae, resulting in a 7-fold increase in gill surface area (Vornanen et al., 2009 ) to facilitate oxygen exchange. Perhaps most astonishing is the fact that heart and brain of crucian carp remain fully functional during anoxia, a strategy that is unique among the vertebrates, allowing the ethanol flushed from muscle tissues to be delivered for excretion at the gills, and the distribution of glucose from liver stores to sites in need (Vornanen et al., 2009) .
Coastal marine fishes encounter hypoxia in a variety of natural and anthropogenically influenced situations. Tidal pools or channels in areas that have decaying vegetation, such as in mangrove stands, or in intertidal areas with organically rich mud, can go anoxic at low tide, sometimes exposing native species to sulfide (Bagarinao and Vetter, 1989; Graham, 1997; Geiger et al., 2000) . In those fishes that are equipped to do so, air breathing is a viable option to minimize the effects of anoxia and sulfide exposure (Graham, 1997; Geiger et al., 2000) . Others exploit the biochemical option of mitochondrial oxidation of the sulfide to minimize its toxic effects, similar to species at the hydrothermal vents (Bagarinao and Vetter, 1989) . In most naturally occurring hypoxic systems, excursions to zero oxygen are either episodic, as in mangrove tidal pools, or occur regularly at low tide during the warmer months of the year. Those situations are predictable and often enough to be accommodated by physiological adaptation. Species that live in environments subject to natural hypoxia are physiologically poised to deal with it.
Anthropogenically induced or enhanced hypoxic events, or dead zones, are occurring with greater regularity in the coastal oceans and bays of North America, Europe and Asia (Diaz and Rosenberg, 2008) . Dead zones are usually associated with nutrient run-off and summer stratification in shallow marine systems (Diaz and Breitburg, 2009; Rabalais et al., 2002) . Nutrient loading accelerates production, and mixing down of atmospheric oxygen is inhibited by water column stratification. Below the mixed layer, microbial degradation of sinking organic matter severely depletes the oxygen, in some cases removing all value from the bottom and near-bottom . The ADH pathway in goldfish and crucian carp. Skeletal muscle acts as a clearing house for lactate produced in brain, heart and liver during anaerobiosis. Lactate is taken up by muscle and converted to pyruvate by LDH. Pyruvate reaching the muscle via the bloodstream and that produced during glycolytic activity in the muscle is processed by the pyruvate dehydrogenase (PDH) pathway within the mitochondrion to produce acetaldehyde and CO 2 ; acetaldehyde is converted to ethanol within the cytosol, and ethanol can then diffuse out of the cell to be excreted at the gills. Model adapted from Shoubridge and Hochachka (Shoubridge and Hochachka, 1980) ; figure after Vornanen et al. (Vornanen et al., 2009 ) with permission from Elsevier.
habitat (Diaz and Breitburg, 2009 ). Survival of fishes in hypoxic zones is determined by species' effectiveness in removing oxygen at reduced P O2 (Chapman and McKenzie, 2009; Perry et al., 2009; Richards, 2009) , which varies considerably across taxa (Richards, 2009) . In no case is prolonged anaerobiosis used by fishes as a strategy for coping with dead zones.
If there are small but consistent amounts of oxygen in the water, such as in an oxygen minimum zone, animals have developed mechanisms for extracting and using it. Three mechanisms are increased gill surface area, an efficient circulatory system and a high affinity blood pigment. Large gill surface areas have been measured in fishes that inhabit the California Current oxygen minimum layer (Ebeling and Weed, 1963; Gibbs and Hurwitz, 1967) . Gnathophausia ingens, a lophogastrid crustacean resident in this area, in addition to having highly developed gills and an efficient circulatory system (Childress, 1971; Belman and Childress, 1976) , has a high-affinity hemocyanin with a large positive Bohr effect and high co-operativity. It is able to load oxygen at a partial pressure of 6Torr (~0.8kPa); its high co-operativity allows the pigment to unload oxygen at the tissues across a very small diffusion gradient (Sanders and Childress, 1990) .
The lanternfishes comprise a speciose, pan-global pelagic fish family, the great majority of which are vertical migrators (Nelson, 2006; Smith and Heemstra, 1991) . Their geographical distributions include all the severe oceanic oxygen minima, two of which were treated in the present study. We propose that, rather than utilizing the strategy of those species that remain permanently within the severest portions of the oxygen minimum layer, which requires a considerable physiological and morphological investment (Childress and Seibel, 1998) , they are capable of using the ADH pathway to minimize end-product accumulation while using anaerobiosis for part of the day to cope with the demands of the oxygen minimum. The anaerobic strategy is reminiscent of that used by intertidal species during low tides (cf. Hochachka, 1980; Torres et al., 1977) , but with the advantage of a more predictable and controllable entry into low oxygen. This is the first report of ADH activity in the muscle of fishes other than the goldfish and carp, a largely unlooked-for anaerobic strategy that may be more widespread.
